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materials, which helps us to not only meas-
ure their mechanical properties but also to
understand the fundamental mechanisms
that govern the mechanical property size
effects in nanomaterials.
Probing the Mechanical Properties
of One-Dimensional
Nanostructures
The ultrasmall dimensions of one-
dimensional (1D) nanostructures (e.g., nano-
tubes, nanowires, and nanofibers) have
posed great challenges to existing instru-
ments, methodologies, and well-established
theories. AFM has been proven to be a pow-
erful tool for measuring the mechanical
properties of isolated individual 1D nano -
structures. Both AFM contact and lateral-
force modes have been used to bend 
1D nanostructures, such as carbon nano -
tubes and nanowires of various materi als in
either three-point bending or cantilever con-
figurations.10–19 The corresponding AFM tip
force-deflection curves contain information
about the deformation behavior of nano -
structures from which the mechanical prop-
erties, such as the elastic modulus and 
the yield strength, can be derived. Post-
experimental in situ imaging provides the
ability to verify that the test has been per-
formed in the anticipated location, which
maximizes the reliability of data and aids in
the explanation of unexpected results.
Here, we use an AFM three-point bending
test to show the importance of calibration
procedures for nanoscale meas urements. In
an AFM three-point bending test, the
measured total displacement consists of two
components: the deflection of the can-
tilever and the deflection of the nanostruc-
ture. To obtain only the latter, the
cantilever deflection must be determined.
On the other hand, to avoid penetration of
the AFM tip into the nanostructure during
a bending test, the maximum applied
load, below which negligible penetration
occurs, should be identified. Therefore, a
careful calibration procedure is suggested
before each test. As an example, Figure 1
shows the calibration procedure for an
AFM three-point bending test on a SiO2
nanowire.14 An AFM indentation experi-
ment was first performed on a SiO2
nanowire on silicon substrate (Figure
1a–1b). At 4 μN indentation force, the pen-
etration of the AFM tip into the nanowire
(i.e., the nanowire deflection shown in
Figure 1b) was within the range of ±1 nm
after subtracting the cantilever deflection.
This force was the maximum applied load
used in three-point bending tests. The
AFM cantilever versus the vertical piezo posi-
tion curve for a suspended SiO2 nanowire
under an applied load of 3.3 μN and until
fracture-failure and the corresponding
Introduction
Recent developments in science and
engineering have provided the capability
to fabricate and control structures and
materials at the nanoscale. The functional-
ity and reliability of micro/nanodevices are
often determined by the mechanical prop-
erties of the individual nanostructures and
the different materials comprising these
devices. In this regard, it has been shown
that the mechanical properties of structures
and materials are size-dependent. Since
nanostructures and nanostructured materi-
als often exhibit unique properties at ultra-
small scales, unlike their counterparts at
the macroscale, the successful transition
of nanostructures and nanostructured
materials to practical applications requires
their mechanical characterization at the
nanoscale.1–7 To perform such nanoscale
mechanical experiments, an instrument
needs to have two basic functions: to “see”
a nanostructure and deform/fracture the
nanostructure in situ. Scanning probe
microscopy (SPM) detects interactions
between a nanoscale probe and a nearby
surface in order to map the surface mor-
phology and its properties.8,9 By taking
advantage of SPM’s high spatial resolution,
a micro/nanomechanical tester can be inte-
grated with an SPM to perform mechanical
experiments on nanostructured bulk mate-
rials where the sample surface is imaged
in situ by the SPM. Possessing both
nanoscale force and displacement sensing
capabilities, atomic force microscopy
(AFM) and its variants are also able to
directly probe the mechanical properties of
nanostructures and nanostructured bulk
materials. As will be demonstrated in the
following selected examples, SPM pro-
vides insights into the mechanical behavior
of nanostructures and nanostructured bulk
Abstract
Scanning probe microscopy (SPM) has undergone rapid advancements since its
invention almost three decades ago. Applications have been extended from
topographical imaging to the measurement of magnetic fields, frictional forces, electric
potentials, capacitance, current flow, piezoelectric response and temperature (to name
a few) of inorganic and organic materials, as well as biological entities. Here, we limit
our focus to mechanical characterization by taking advantage of the unique imaging
and force/displacement sensing capabilities of SPM. This article presents state-of-the-
art in situ SPM nanomechanical testing methods spanning (1) probing the mechanical
properties of individual one-dimensional nanostructures; (2) mapping local, nanoscale
strain fields, fracture, and wear damage of nanostructured heterogeneous materials;
and (3) measuring the interfacial strength of nanostructures. The article highlights
several novel SPM nanomechanical testing methods, which are expected to lead to
further advancements in nanoscale mechanical testing and instrumentation toward the
exploration and fundamental understanding of mechanical property size effects in
nanomaterials.
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applied load versus nanowire deflection
relationship are shown in Figure 1c and
1d, respectively. The slope of the initial
 linear portion of the curve in Figure 1d
was calculated and treated as the spring
constant of the nanowire. The plastic
deformation and nanowire fracture
mechanics at the center of the wire can be
further studied by analyzing the nonlin-
ear portion of the load-deflection curve
(Figure 1d) and the AFM image of the
fractured wire (Figure 1f).
AFM also was used to directly bend
individual, well-aligned, 1D nanostruc-
tures grown vertically on a solid substrate
without destruction or manipulation of
the nanostructures. By scanning the verti-
cally aligned ZnO nanowires, the lateral
force-deflection data were acquired to
derive the elastic modulus of the individ-
ual ZnO nanowires.20 This method offers
fast measurement of the elastic modulus
of nano structures of different sizes.20,21
Another approach is to cleave the sub-
strate with well-aligned nanowires along
the wire growth axis to realize an array of
cantilever nanowires at the cleaved edge
for AFM bending tests.22 High bending
load on such cantilever nanowires
resulted in fracture of the wires from
their fixed ends, allowing their fracture
strength to be measured.
The elastic properties of ZnO nanobelts
were recently investigated using the AFM
nanoindentation technique.23,24 The AFM
probe was used to image/locate individual
ZnO nanobelts sitting on a rigid substrate
and then to indent them in situ. The elastic
moduli of nanobelts with different width-
to-thickness ratios were derived from the
indentation load–displacement curves
based on the Hertzian contact theory. The
elastic modulus was found to decrease
from about 100 GPa to about 10 GPa, with
increasing width-to-thickness ratio.
AFM is unique in terms of studying the
mechanical behavior of biomaterials.25–28
The electron beam radiation and the vac-
uum in an electron microscope may alter
the surface structure of biomaterials, thus
affecting their mechanical properties. It
has been shown that the surface structure
and the surface stress may influence
the mechanical properties of nanostruc-
tures.29,30 The AFM can be operated in a
temperature- and humidity-controlled
chamber, avoiding the absorption of sur-
face molecules (for instance H2O) and the
electron beam radiation on the sample
surface that would occur in an electron
microscope vacuum chamber. The follow-
ing example (Figure 2) illustrates how an
AFM provides unique insights into the
deformation behavior of polyaniline-
(PANI-) coated tobacco mosaic virus
 nanotubes that could not be studied other-
wise.27 A typical indentation curve on a
PANI-coated tobacco mosaic virus nano -
tube can be divided into four stages (I, II,
III, and IV). In Stage I, as the AFM tip
approached the sample surface from
100 nm above (not fully shown), a sudden
snap-in occurred due to the adhesive force
between the tip and sample surface, and
then the AFM was brought into contact
with the sample. As the tip continued to
press against the sample surface within a
5 nm range (Stage II), the total force
exerted on the sample increased linearly,
followed by a nonlinear response shown
in Stage III. The inner cavity of the nan-
otube was further squeezed against the Si
wafer shown in Stage IV, where the sub-
strate effect became appreciable.
Finally, contact-resonance AFM pro-
vides new paths to measure the elastic
modulus of nanowires in both radial and
lateral orientations. The radial wire modu-
lus can be determined from the change in
resonance frequency that occurs when the
probe tip is brought into contact with the
wire, whereas the modulus along the wire
length is obtained through the frictional
force on the AFM cantilever.31
Mapping Local Nanoscale 
Strain Fields, Fracture, 
and Wear Damage
Quantitative data of deformation and
strain are difficult to obtain at the nanoscale,
since, for the imaging domains commonly
used with an AFM, such deformations in
brittle and quasi-brittle materials are only of
the order of 10–20 nm.8 Imperative prereq-
uisites to obtain repeatable and accurate
surface profiles by AFM are the lineariza-
tion of the piezoelectric scanner and the
Figure 1. (a) Cantilever and (b) nanowire deflections obtained by three-point bending using
an atomic force microscopy (AFM) tip to directly indent a SiO2 nanowire on a solid Si
substrate. (c) Cantilever and (d) nanowire deflections obtained from a suspended SiO2
nanowire. (e) and (f) 3D AFM images showing the suspended SiO2 nanowire morphology
before and after three-point bending corresponding to (c) and (d), respectively. The
nanowire fractured in a brittle manner at a bending force of 3.3 μN. Note: the triangular
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Figure 2. (a) Atomic force microscopy height image of polyaniline (PANI)/ tobacco mosaic
virus (TMV) nanotubes on a Si wafer. The inset profile shows the average height of ~15.3 nm.
(b) Transmission electron microscopy image of well-dispersed PANI/TMV nanotubes. (c) Plot
of cantilever deflection versus vertical displacement of the piezo. The symbol ΔZ represents
the sensitivity. The indentation depth is the difference between the Si wafer and the loading
curve of a PANI/TMV tube. The solid red curve was obtained from the indentation on a Si
wafer, while the other dashed curves were from the indentations on a PANI/TMV tube at
different locations. The cartoons show the cross-sectional view of the indentation process.27
Figure 3. Local strain distribution in a
nanocomposite with 100 nm silica
subjected to 1% macroscale strain.37 F,
force.
construction of stable apparatuses for sam-
ple loading.32 With these in place, the ability
to resolve local deformations has been har-
nessed to determine displacement fields in
amorphous diamond33 and polycrystalline
silicon8,34 thin films in order to calculate
their mechanical properties.
Topographic AFM measurements com-
pared at different loads by the use of digi-
tal image correlation (DIC) have been
shown to be quantitatively reliable in solv-
ing inverse problems in mechanics of mate-
rials, such as the inverse hole problem,
where only one displacement field near a
circular perforation in a thin film suffices to
determine simultaneously the elastic mod-
ulus and the Poisson’s ratio of a material.35
“Inverse problems” start with the solution
of the boundary value problem in terms of
displacements to back-calculate the elastic
material properties. In such experiments,
the displacement and its spatial resolution
are of the order of 1–2 nm. In polycrys-
talline materials, the solution to the spatial
resolution problem is meaningful only if
the grain size is much smaller than the cir-
cular perforation (i.e., for representative
volume elements [the smallest material
element for which a specific mechanical
property is the same as the bulk material]
significantly smaller than the geometric
features of a specimen). The AFM/DIC
method was applied to determine the
minimum representative volume element
of polycrystalline silicon thin films with
columnar grain structure, and the meas-
urements were very close to the theoreti-
cal calculations.36 The spatial resolution in
mechanical strain measurements is well
suited to study heterogeneous materials,
such as nanocomposites, where strain
localization effects in brittle matrices have
been resolved, as shown in Figure 3.37
The local nature of AFM measurements
is very appropriate to interrogate the prob-
lem of fracture of brittle and quasi-brittle
materials by investigating the vicinity of
cracks, propagating in subcritical condi-
tions, in a qualitative and quantitative man-
ner. Qualitatively, nanoscale observations of
crack growth in glasses have pointed to a
significant region of ~50 nm near a crack
tip,38 where the linearly elastic fracture
mechanics asymptotic solution did not
hold, contrary to the general notion for brit-
tle materials. More recently, AFM observa-
tions of subcritical crack growth in glasses
and aluminosilicate glasses39,40 pointed to
cavity formation and coalescence in front
of a crack tip with variable velocities
(~10−10−10−12 m/s) in a manner that is remi-
niscent of macroscale ductile fracture. The
imaging frequency of an AFM in its most
common implementation does not exceed
5–10 Hz, but the acquisition of data at
extremely slow crack velocities and at low
stress intensity factors is possible.39,40 Such
studies have been corroborated with molec-
ular dynamics predictions, but further
work is needed to link the surface records
from AFM with bulk fracture mechanisms.
In ductile materials, such studies are more
difficult, as time-dependent processes at the
crack process zone change the surface land-
scape, thus, limiting the use of an AFM.
Instead, a different adaptation of the AFM
has been used to perform nanoindentation
experiments near the crack tip to quantify
local yielding and hardening.41
Measurements of the displacement field
in the vicinity of sharp cracks in thin films
also have been made possible by the
AFM/DIC method.42,43 Two micron-thick
polycrystalline silicon freestanding thin
films with embedded mathematically
sharp cracks were subjected to in-plane
mode I loading, and the strain fields near
the crack tip were obtained by AFM/DIC
measurements that compared very well
with 2D finite element calculations, as
illustrated in Figure 4.42 These experiments
also revealed a process of subcritical crack
In Situ Scanning Probe Microscopy Nanomechanical Testing
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growth, different from that discussed
before in connection with amorphous
glasses, where a crack propagating in a
regime of tougher grain boundaries and
randomly oriented submicron-scale grains
can be arrested and restarted under
monotonically increasing far field loading.
In the AFM experiments shown in Figure 4,
no void nucleation and coalescence was
observed, as in the case of glasses, which
implies that this mode of fracture is exclu-
sive to amorphous ceramics.
The AFM/DIC method also has been
used to measure the local, nanoscale
deformation in polymeric thin films and
advanced metal evaporated magnetic
tapes.44,45 The deformation in polymeric
thin films was nonuniform, and high
strain gradients were present at the
nanoscale. For metal-evaporated mag-
netic tapes, cracking started at the strain
transition sites, where a large strain gradi-
ent existed. The strain was redistributed
after crack formation.45
A recent study showed that the initiation
and development of nanowear, which is
usually hard to detect directly from AFM
topographical images, can be efficiently
detected by monitoring the change in the
DIC correlation coefficient from AFM
images in the wear-scar zone.46 The DIC
correlation coefficient describes the conver-
gence of the calculated displacements to
the measured ones. The linear relationship
between the correlation coefficient and the
wear depth can be used to quantify the
extent of nanowear damage. The DIC cor-
relation coefficient is more sensitive in visu-
alizing local wear at the nanoscale than the
commonly used surface roughness. For
example, DIC showed that nanowear of
gold coatings is dominated by material
removal without any plastic deformation.
Interfacial Strength 
of Nanostructures
Since micro/nanodevices often are
composed of different materials at the
nanoscale, they intrinsically include inter-
faces, which are the most favorable sites
for mechanical failure due to the low
adhesion and high stress concentrations
caused by mechanical property and
microstructure mismatches. For example,
the theory of elasticity predicts infinite
stress at edges where the interface meets
a free surface. Because an AFM can
 precisely apply ultralight forces at any
location and simultaneously sense small
displacements, it can be a key instrument
in mechanically testing nanocomponents.
Recently, AFM was used to study the
interfacial strength between a submicron
chromium dot and its silicon substrate.47
The dot was removed by an AFM diamond
tetrahedral-shaped tip, which was first
engaged near the dot and then was
dragged over the dot, as shown in Figure 5.
The delamination area was imaged in situ
after the test. The critical load at which
delamination occurred together with the
delamination area were used to measure
the interfacial strength. It has been shown
to be difficult to measure the interface
strength of a dot made of a relatively soft
material (e.g., Cu), because the AFM tip
may penetrate the dot, resulting in plastic




Figure 4. Subcritical crack growth in a freestanding polysilicon film. The crack propagated and arrested at distinct increments of the far-field
load from (a) to (c). The displacement contours (d–f) correspond to the atomic force microscopy images (a)–(c), respectively, but they span
wider fields of view (10 μm wide by 6 μm high).42 F is the applied far field force, U is the local displacement field in the direction normal to the
crack plane, and KI is the effective stress intensity factor.
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Figure 5. (a) Scanning electron microscopy image of a circular truncated cone-shaped chromium dot. (b) Schematic of an atomic force
microscopy (AFM) tip dragging over the dot. The red arrow shows the direction of AFM tip motion, while Fl is the lateral force experienced by


























Figure 6. (a) Transmission electron microscopy micrographs of the fracture of the Si/SiN interface in a nanoscale cantilever. Stage I: the atomic
force microscopy (AFM) tip approaches the nanocantilever surface. Stage II: the AFM tip loads on the SiN and bends the nanoscale cantilever.
Stage III: fracture occurs at the Si/SiN interface. (b) AFM applied force as a function of time in the corresponding three stages in (a).49
a hard material (e.g., W) was deposited at
the top of the soft dot to constrain its sur-
face. This allowed the dot to be successfully
delaminated at its interface.48
The stress and strain distributions in the
specimen at the AFM tip contact area are
very complex, but their specific distribu-
tion is not sensed sufficiently away from
the tip contact point. The details of the
perturbation in an elastic field are dis-
cernible only at small distances from the
point of perturbation. When the interface
in a nanostructure is studied, it is sug-
gested that the AFM load be applied far
away from the interface, as shown in
Figure 6. In such experiments, the interfa-
cial fracture was recorded in conjunction
with imaging by transmission electron
microscopy.49 This method can be
extended to study the creep and fatigue
properties of nanostructures.
Another example that takes advantage
of AFM’s 2D loading capability to study
the vertical and lateral rigidities of a
thin film comprised of Ta2O5 helical
nanosprings is illustrated in Figure 7.50
The apparent Young’s modulus and the
shear modulus of the Ta2O5 nanospring
thin film were measured to be two to three
orders of magnitude smaller than those of
a conventional solid thin film of the same
material. It is possible to “design” the
mechanical properties of the nanospring
thin film by selecting appropriate materi-
als and by controlling the shape and size
of the nanosprings.
Summary
This review article identified important
contributions of scanning probe microscopy
(SPM) to the mechanical testing of nano -
structures and nanostructured bulk materi-
als. SPM combines the capabilities of
nanoscale high spatial resolution imaging,
actuation, and sensing, thus making in situ
mechanical testing possible and easier than
other microscopy imaging tools. In addition,
SPMs do not involve electron beam radia-
tion and vacuum, which greatly affect the
mechanical behavior of nanostructures and
biomaterials. With other functionalities,
such as the measurement of magnetic fields,
electric potentials, capacitance, current flow,
piezoelectric response, and temperature,
SPM can provide correlations between
mechanical properties and other physi-
cal/chemical properties. The integration
of SPMs with other imaging tools has gen-
erated new opportunities for studying
material deformation and fracture mecha-
nisms and their correlations with crystal
structure defects (e.g., dislocations and
twins) of nanostructures. We anticipate
In Situ Scanning Probe Microscopy Nanomechanical Testing
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that SPM will continue to play a key role
in the growing development of nano -
mechan ical testing instruments and in the
study of mechanical property size effects
in nanomaterials.
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Figure 7. (a) Two-dimensional loading configurations on a thin film comprised of Ta2O5 helical nanosprings. Fv is the vertical force, and δv is the
vertical displacement; Fl is the lateral force, and δl is the lateral displacement. (b) Examples of the vertical and lateral load-displacement
curves. (c) Schematics of the nanospring thin film and the measurement of the vertical and the lateral stiffness.50 AFM is atomic force
microscopy, Kv is the vertical spring constant, and Kl is the lateral spring constant.
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